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Applications of Xenon-Doped Argon

Low energy nuclear recoils: °‘ Argon vs Xenon expected CEVNS
= Reactor monitoring via Ir\late|19 “;from Ft):‘e i’ GW K:'Ea[;‘i”
CEVNS, sub-GeV dark matter oz 1gg’ear ower Plant core (RED-
ol https://www.mdpi.com/2624-
= Tradeoff: counts vs recoil i 8174/5/2/34)
energy :
= Xe: large cross section, low \ TS e
energy recoils et 2
Darkside 50 =
lonization-only limits =7 F O\ o~ |
= Ar: smaller cross section, (https://arxiv.org/pdf/
higher (but still low) energy 2207.11966) e
recoils oyl s,

My [GeV/c?]
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Review of Xenon and Argon Time Projection Chambers (TPCs)

An energetic particle will generate:
 Scintillation light (S1)
e lonization electrons (S2)

S2(charge)
Photosensors detect S1, electric field drifts electrons
S1 and S2 can tell you: e erﬁme
* Amount of energy deposited Particle 7S : indicates depth
* Particle ID // i ““““‘\\\\;\h I
3D Position Reconstruction - M . S1(light)

Dual phase is scalable and can see single electrons

——— jonization electrons
NN UV scintillation photons (~175 nm)

. . (““l
b Lawrence Livermore National Laboratory N A‘S@é 3
LLNL-PRES-xxxxxx National Nuctear Security Administration



Comparison of (Liquid) Xenon and Argon

____ Property | Agon | JYenon ____

Scintillation wavelength 128 nm 175 nm
Kinetic Ma’Fch to Light A=39095 A =131.29
Particles
Operation Temperature ~90 K ~160 K
Liquid phase ionization 14.3 eV 9.3 eV
energy
Excitation Energy 11.6 eV 8.3 eV
Scintillation lifetime 1.5 us (triplet component) 22 ns
Electron Background Lower Higher

Electron Extraction

ey Higher Lower
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Xenon-Doping in Argon

NGUWDL 1 001 (2015) "I /\ Ar 760 torrs Xe 9-1x10 °torr

O ——
~ 4000 1 N
\ ot /;’\ \\H‘%, __+ Xe 2 7x10 tore
. 3000
i ® 0 _ “// \\._,,_7” o + Xe 35x10 “torr
~ 2000 £ D ——— ' Q«\
i . I /—/\ + Xe 4-5x107° torr g-p
~ 1000 ~ob ———7 — Y S.9]
3 =
~4 20 . Xe 0059 torr 2 ot
1000 o r AN e L
) c O — A * Xe* A
4 =y rXe* or Xe y
= | Gas o~ ]
= - + Xe0.77torr Jp_\k__f/// ]
>0t ]
(& r B |

Mixing Xe into Ar shifts 128 nm to 147 nm and 175 nm 30nm ”Ju/

+Xe 10torr

light! ot o
e (Cansharpen pulse shapes (both S1 and S2) '} . mJ

* Longer wavelengths are easier to detect and reflect T BT
* No need for TPB wavelength (nm)

Emission spectra of xenon-doped argon gas mixtures at 1 atm in a gas
proportional counter (T. Takahashi et al. NIM 205 591-596 (1983))

1 1 (el
Lawrence Livermore National Laboratory N A‘Sé% 5
National Nuclear Security Administration

LLNL-PRES-xxxxxx




CHILLAX: CoHerent lonization Limit of Liquid Argon and Xenon

Concept: A liter-scale dual phase xenon-
doped argon TPC Published in 2022! Bernard et. al.

https://arxiv.org/abs/2209.0543

‘ f

Goals:
Obtain a stable mixture of percent level
Xe in LAr

Quantify potential benefits to dual phase
argon TPC’s ionization signal from xenon
doping
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Gas Sampling

Sample
— D

Integrating Xe
Initial pressure: ~2 atm Residual :
P oas | Operates at partial pressure

= Gas Xe concentration Expansion volume Analyzer | <104 Torr effectively “counts”
determines S2 (RGA) the xenon in the
response ] ]

= RGA operates in integration volume!
vacuum

X e

Integration volume
Leak valve

Turbo pump

. . ( "-l
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Gas Sampling Calibrations and Measurements

le—5 le—=11
L ot roorT ! — "t L
8- Measured points ] E al —— Xe-127 (Noise) |
| Fit line, m=8.46e-7 =} —— Xe-129
=h 2 | —— Xe-134
S | = |
3 6t < 6}
g 2t
5 | : | Py (t)d
s | s ve(t)dt
= af 2 4f e e
S 2 Xe
z | = |
©
g2 E2
N &
| Clear Linearity <
0_ ] ] ] ] ] g 0 ] ] ] ]
0 20 40 60 80 100 0.0 0.5 1.0 1.5 2.0 2.0 3.0
Concentration [ppm] Time [ms] le6

= Xe-127 is the noise background to be subtracted
* Fixed volume = fixed calibration curve
= Measured 64+4 ppm of Xe in Ar gas at 4% Xe concentration in LAr!
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Gas Sampling During Operation

KF flange

RV1

Rv2

Bellows

RGA
straw

Vacuum
space

RV3

al

RV4

i
)

Vacuum pump

I

Sampling bottle

concentration

Liquid Xe Gas Xe Gas Xe
concentration concentration

(measured) (predicted)
1% 14 £ 4 ppm 16 ppm
2% 34 £ 4 ppm 32 ppm
3% 574 ppm 49 ppm
4% 654 ppm 66 ppm

= Gas sampled via a straw right above the anode

= Samples the gas approximately near S2
production

" |n practice, small ice build-up can affect the

measurement
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Two-Grid TPC

Argon Gas + Xenon doping ~ 50 ppm

Cathode is the only HV component
SiPM Array

No gate

Strong extraction and drift field

~1 cm drift region, ~5 mm gas region

Detector Vessel
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TPC Internals: Two Grid TPC Prototype

2x2 Windowless VUV

SiPMs (513370) =%l Not shown: RGA

oo I! » | N | A ; ”straw” and capacitor
A QUL E VAN (for measuring Xe)
\

\

Windowed VUV
SiPM (S13371)

]
o

Liquid Level
meter

Anode (0 kV)

Cathode (10 kV —
14 kV (negative))

Shield (OkV)

Windowless VUV — .
SiPM (S13371) Front view Back view
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Effects of Doping: Total Light Production

o8 r—7"m—oH--"r—r0—"r—"r——r—""T"—"—""""7T"——"T"—""7T T " T T T T T T
[ —— 0.0% Xe 12.0kV acq009 |
—— 1.0% Xe 12.0kV acq052
0.07 _ 2.0% Xe 12.0kV acq063 _
0.06
0.05}

The Am-241 endpoint
increases by a factor of >2
from pure LAr to 2% Xe

Counts (arb)
o
o
=

o S
o
3]
e

1]

3000 4000 5000 6000 _ 7000
Integral (SPE)

= A N B =T
0 1000 2000 8000
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Effects of Doping: Pulse Shape

Channel 0, 14.0kV
P e

vLof T ] Touc o -
| — oo | Average S2 waveform gets
—_ I Am241 500uC 2.0% Xe |
209 “mmaeciix.]  broader at 1% xenon-doping,
g | '
5 oo} _ | then narrower at 22%
° | Top windowless | . Chammel1,140kvV
= o0af I O T ot 5000 Lo xe
% : 1~ | Am241 500uC 2.0% Xe |
— I 1 D 0.8t — Am?241 500ucC 3.0% Xe |
© 0.2 1 —_ 0
<:>ﬁ I ] S. Am?241 500ucC 4.0% Xe
_ 1sg |
REE— — 18 06f Only a sharp pulse in
0.0 [ I .
'_|10'"'(l)""ll""zlo"''3|0'"4'0"QJ — | op windowed Y pp
/'b]"ime [% pure Ar (WlndOWEd
_ _ S | SiPM cannot see Ar,*
Windowed SiPM shows a rounded ¢ o2 light) °
hump compared to the N _
windowless SiPM o0 10T ['z'o]' — 520
1ime |us
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Model of Electroluminescence Mechanism

Arz*lz AI‘Q*?’E

1/71

Xey*13

>

ArXe*

Xey*3xT

128 nm

175 nm

N

/15

150 nm

Ar, triplet forms Xe* (slow process,
microseconds)

Unknown long-lived state
* Either Xe™* or ArXe*, literature is unclear
 Can decay into 150 nm light

Rates increasing with n,, narrows the S2
pulse

Hump is formed from the two step process:
Ar,—> (Xe* or ArXe*) 2 Xe,’

@ Lawrence Livermore National Laboratory
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Extra Sources of S2 Light: A Sharp Rise

Channel 1 Average Waveforms

1.0} | | — oxvpuear] © Sharprisein windowed SiPM is
— — 14.0 kV, Pure Ar | unexplained by the model
S o.al — 12.0kV, 1% Xe
< —— 14.0kV, 1% Xe
z * Sharp rise is present even in pure Ar

0.6F . . .
g | * Likely not VUV light
5 |
= 0.4} ) . :
% i | * Becomes relatively suppressed at higher
S 0.2:_ & voltages
Qt 5

0'0% R T T T

-10 0 10 20 30 40
Time [us]

1 1 (el
Lawrence Livermore National Laboratory N A‘Soi% 15
tional Nu i Security Administration

LLNL-PRES-xxxxxx National Nuclear Sect




Fitting of the S2 Pulse Shape

Globally Fit Waveforms

1.0% Channel 1
—

Data

T T T T
0.08f \ —— Model Fit
|

L P R
-10 0 10 20 30 40

3.0% Channel 1
————

L B T T
0.175F . —— Model Fit j
| Data
% o.150F \ .
sl \

L _I I 7\ L 1 P L
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2.0% Channel 1
——

\
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‘I\
|

J ~_ ]

P N R R B B
-10 0 10 20 30 40

4.0% Channel 1

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
| —— Model Fit
" \ Data

Time [ps]

Pulse shape:

1 1
e_t(EH(ane) _ e —t(g Tkanxe)

Convolved with SE transit time and SPE shape

Fitting the parameters for all four

concentrations at once yields a reasonable fit

Fits are for the windowed channel at 14 kV on

the cathode
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Extra Sources of S2 Light: Wavelength Shifting in the Liquid

Ar, or 147 nm

Xe has absorptions near 128
nm and 147 nm

Bottom channels:
* Average waveform differs
from all top SiPMs

1.0% Xe, 14.0kV kV
—

1.of — 1.0% Channel 0 | .
- 1 0% chamnel 1 | * Windowed sees
S ok R 1.0% Channel 2 comparable amount of
< ! 1.0% Channel 3} lich
é 1 — 1.0% Channelnﬂli: 18 t
S 0o } — 1.0% Channel 5} * Likely see re-emitted 128
§ 04i Bottom SiPMs | nm and 147 nm photons
o | f in Xe wavelength
©
§ 0.2_— T
< : ’ { * Some re-emitted light may re-

O'OT N N N R S em|t tO the tOp S|PMS

-10 0 10 20 30 40
Time [us]
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Estimation of the Xe Component

1.0% Xe, 14 KV * Xe, component is the slowest exponential
0.010F —_— TDp Wmdowless ]
—— Top Windowed (tail rescaled) ] . . .
— — Top Windowless - rescaled windowed | ® At long times, the tails of the windowless
fé- 0.0081 ) and windowed waveforms should match
& 00001 1+ Wecan:
> :
@ °
S o ooal ] M?tch amplltuo-les |
2 _  Windowless/Windowed = Fraction of
m N . . .
S 0.002} ] light from Xe,” de-excitation
= _ ; (only works at 1% Xe)
e.ooop m™m™— o Cathode voltage [kV] % of light from Xe,*
-10 0 10 20 30 40
Time [us] 12 64
14 69
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Conclusion

We are operating the world’s first dual phase O(1%) xenon-doped argon
two-grid TPC.

We see substantial S2 gain from xenon-doping .
S2 average waveform gets broader at 1%, then narrows for >2%.
S2 light production mechanism is being demystified.

Plan to upgrade CHILLAX with more SiPMs, full TPC, and reflector coming
soon!
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Thank you! Questions?

This material is based upon work supported
by the Department of Energy National
Nuclear Security Administration under
Award Number DE-NAO000979 and DE-
NA0003996.

This material is also based upon work
supported by HEPCAT (High Energy Physics
Consortium for Advanced Training) under
Department of Energy, Office of High
Energy Physics (award number: DE-
SC0022313).
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Backup Slides
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Complications from Xenon-Doping

The large temperature discrepancy between xenon and argon

boiling points are a major source of system instability Xe Condenses (L8 bar): 176 K

Xe Freezes (1.8 bar): 162 K
Xe ice

Evaporation

[ R

Evaporation
Ar Condenses (1.8 bar): 93 K

P

Left: Condensation of Xe-rich Ar gas causes Xe to freeze if Xe pressure exceeds saturation vapor pressure 0K
Middle: Evaporation of liquid mixture causes Xe concentration to increase in the liquid
Right: Unintended evaporation of liquid isolated by surface tension can cause Xe ice to form

Lawrence Livermore National Laboratory
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Demonstration of Xe-Ar Mixture Stability (Past Work)

Unstable mixture:
Ohr 12hr 24hr 36hr 48hr _— . 5.27%
- £ Xe!

. . . . . :S.;. . ;

Cryostat view . oo LI

Xe ice
Stable mixture: L
12hr 24hr 36hr 60hr 72hr 84hr

= Xenon Doping Periods in Gray
" |nstabilities at the end of the run correspond
to a failing heater

Lawrence Livermore National Laboratory N A‘ ¢.°‘ 23
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Xenon-Doped Argon S2 Experiment (2-grid TPC)

Argon Gas + Xenon doping ~ 50 ppm

SiPM signals

SiPM Array

Time

Anticipated data

: /f_*
g
= /
(a1
o
21
S~
5 /
g Solubility limit
a
o
(V]
0 Xe fraction in gas

Detector Vessel
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Example Waveforms

—2—-sum
- 1w
E 16— ) - 5
Windowless Channel (not g 14 50009
. g C _ 8
” | _ i
trigger) 5 12 40002
e 18
Window ? p 000
INaow eSS 3:— _:3000;?
Channel (trigger) - 1 E
oC — 2000
Windowed Channel (mostly al- ]
C —1000
opaque to Ar, and ArXe 2| D .
|igfﬂj O}—wﬁﬂFu— B
—1 | 11 I II|IIIIIIIII|IIIIIIIII|IIIIII_
-10 0 10 20 30 40 50 60

S2s seen in top SiPM array on
oscilloscope with Am-241 source
(pure argon)

sample time [Us]

S2 acquired with Struck SIS3316 Struck
Digitizer (2% xenon)

. . ral
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Data Taking Configurations

14 kV E-Field E-Field Reduced
Cathode - Cathode HV (liquid) (gas) E-Field
12 kV
Voltage 12 kV | ~10 kV 5.28 kV/em | 7.92 kV/em 4.62 Td
-10 kV 12 kV 6.34 kV/ecm | 9.51 kV/cm 5.54 Td
Calibration 14 kV 7.40 kV/cm | 11.09 kV/cm 6.47 Td
Source

Xenon
concentration
(liguid)

Lawrence Livermore National Laboratory
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Chemistry of Xenon-Doped Argon

_ _ *
Fast e- + Ar ?j'ow e-+Ar Example: Electrons inelastically

colliding with xenon or argon

— Threshold 11.8 eV
Fast e- + Xe & slow e- + Xe*

\ Threshold 8.4 eV

%k
Ar® +Ar = Ar, Argon and xenon form

Ar* + Xe - ArXe™ metastable excimers
Xe* + Xe—> Xe,

Ar, > 2 Ar + hv (128 nm, 1.6 us in liquid, 3.6 us in gas) Excimers decompose and
ArXe > Xe + Ar + hv (147 nm, (?) ns) release scintillation light
Xe, > 2 Xe + hv (178 nm, 22 ns in liquid, 100 ns in gas)

. . (v
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Thermodynamics of Xenon-Doped Argon

Xenon-argon miscibility is highly
dependent on temperature

Xenon-doping past the solubility
limit results in unwanted xenon
solid formation

Pressure (bar)

3.5

w
o
1

N
92}
1

N
o
1

=
(92
1

=
o
1

o
(9
1

o
o

—— Pure Argon

—-==_Saturated mixture
— = Xe number fraction

0.11

\ \

T T T T
O o O o
o o o =
~ (00] O o

T
o
(@)
(@)

Xenon fraction in liquid

- 0.05

90 92 94
Temperature (K)

96

98

T 0.04
100
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Thermodynamics of Xenon-Doped Argon

Recall: S2 light shifts from
Ar, at O(10 ppm) level

You need to dope percent
level Xe in LAr to get 10s of
ppm of Xe in GAr!

1800 200
AN —=—= Henry's constant /8%
1600 1 Xe Fraction in gas for 175
liquid doping from 1% to 8% c
1400 - - 150 -
c P
£ 1200 A -125 B
5 £
© 1000 - -100 §
0 =
2 5
S 800 - -75 O
T =
@)
600 A 50 ©
>
400 A - 25
200 T T T T T T T T 0

Temperature (K)

96 08 100

EP Bernard et. al.,
Phys. Rev. C 108, 045503
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Capacitive Technique to Measure Xenon Concentration in Argon

One can derive a nearly linear dependence of ¢,- on Fy,:

The dielectric constant of xenon-doped

argon can be determined by the Clausius- - -
Mossotti equation: R K,_,_.f"”
s -
2 ::_), 1.51| --f’fﬁ
Ey — 1 _ Z n;a; % .__5”;,,*"’;"
gr + 2 l=1 380 2 I].?;I] 0.01 .02 0.03 0.04 0.05

Xenon Concentration (%)
n;: number density of molecule (or atom)
type i Then the capacitance of a capacitor with a xenon-
doped argon dielectric medium is linearly

«;: atomic polarizability of molecule type i
g P y yP dependent on the xenon concentration
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Circulation Design

Camera

/

Level
meter

v

Conc
meter

Bubble
router

Thermometers Heaters
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Circulation Design

To pump
Gas << 35 and getter
ppm Xe _ 1 Secondary Cooling

Bubble router Gas ~10s _
Evaporation &

+ liquid return of ppm Condensation

Liquid %-level Xe

Primary cooling

Gas 35 ppm Xe from pump and getter

Ar Condenser Detector Vessel [

. . "_l
Lawrence Livermore National Laboratory NV SE
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Capacitance and Xenon Concentration in Response to Doping

The CHILLAX capacitor tracks xenon
concentration throughout the doping
process with 0.05% precision

160

-0.15

140

120

el Ll ]

The capacitor is sensitive to variations
in doping conditions (fast vs slow
introduction of xenon)

|
=
[\

Xenon Concentration (%)

-0.25 ; _. .......

Reference-subtracted Capacitance (pF)

|
=]
W

20

Drifts in capacitance
should be attributed T T e e T

L
LA

1 I. 1 1 1 I (e
140 160 180

" to changes in xenon Time (hours)
B ¥a  concentration or Capacitance and xenon concentration in CHILLAX over time, with
- . temperature doping stages highlighted in pink
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Stability Tests with Controlled vs Uncontrolled Detector
Temperature Gradient

Camera 1 i - Camera 1 u -—‘
—

|
Controlling thermal profile with 170K 93.5k

thermosiphon at top of
detector greatly enhances Ice
xenon stability in detector
volume

Change in xenon concentration
characteristics. Detrimental for 12he  2d4hr  36hr 12hr  24hr  36hr 48hr  60hr  72hr
any detector’s performance!

1e9y

heat

'93K v 93K

Maintaining a 0.5 K temperature gradient

A 95 K temperature gradient . .
prevents ice buildup for at least 3.5 days

results in rapid ice buildup

Lawrence Livermore National Laboratory ﬂ A‘ ¢.°‘ 34
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Capacitive and Pixel Measurements of Xenon Stability Tests

< 0.5K gradlent

.............................................

..........................................................................................................

100
80
60
40
20

Xenon ring thickness (pixels) Xenon concentration (%)

0 80 l 00 120 140
Time (hours)
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Effects of Doping: Total Light Production

.08 poo-n—n—Tpmm—mo/—o>—oo—o0/—o— 34—/ —/—o/—pmM+—/———T T T T T T T T T T T T T T T T
I — 0.0% Xe 12.0kV acq009 ]
—— 1.0% Xe 12.0kV acq052
0.07F 2.0% Xe 12.0kV acq063 ]
[ —— 3.0% Xe 12.0kV acq073 |
— 4.0% Xe 12.0kV acq080 |

o
-
3

The Am-241 endpoint
decreases modestly past 2%
(under investigation)

Counts (arb)
o
o
=

o S
o
3]
e

. Zn T BT B i . . ==n—"W - - . L |
0 1000 2000 3000 4000 5000 6000 7000 8000
Integral (SPE)
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Light Ratio Between Windowed and Windowless SiPM

12.0kV

oaok o i {  Fraction of light ratio seen in windowed

0.35F ¢ : o . SiPM plateaus at >1% xenon concentration.
50 |
éo'so 1 Channel 1 (Windowed SiPM) sees nearly
S 1 as much light as Channel 0 (Windowless
5% 1 SiPM) by 1%

0.15- ]

0-10?. {  Fused silica window still blocks some Xe,

0 1 2 3 4 light.

Xenon Concentration (%)

ChO: Windowless S13371 SiPM (Top Array)
Ch1: Windowed S13371 SiPM (Top Array)

0 . ( "_l
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A Potential Explanation in Neutral Bremsstrahlung

e * Light release from elastic
Figures from Buzulutskov et. al. scatters
) (https://arxiv.org/pdf/1803.05329)
Meutral bremsstrahlung Neutral bremsstrahlung
in elastic scattering in inelastic scattering ° B roa d S peCtru m
e N , (windowed SiPM would
' 9K T T T T T T T T =
Z 0T NBrS spectra B Gaseous Ar, 87 K SEE)
o ; 83Td * Gaseous Ar, 87 K ] 1| ) i
& e . o4 10 Lz
= 3x10" F , Comected finction = . : 5 Ordinary
E r" T . ﬁ'g Oliveira et. al ——=.7 electroluminescence . .
3 : g w0f ; 1 * Fast (no de-excitation)
2 i0tl 46Td - H R S
5 ' g
= | S 2 Newrbemsibing | s oesn’t increase with
= 1100k 5.:: electroluminescence
s | S SORL . electric field
% i E Solid: uncorrected distribution functions
3 ’r >_F] Dashed- corrected distribution functions
b,_. [j | | 1 1 | | | | _ 1
= 100 200 300 400 500 600 700 800 900 1000 10"0 i é ; ; ; 1'5 -l,' é ; o
Wavelength (nm}) £/N (Td)
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